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The families of high-temperature superconductors recently welcome a new member: hole doped nickelate
Nd0.8Sr0.2NiO2 with a ∼15K transition temperature. To understand its emergent low-energy behaviors and ex-
perimental properties, an immediate key question is whether the superconducting hole carriers reside in oxygen
as in the cuprates, or in nickel as in most nickelates. We answer this crucial question by deriving an effective
interacting Hamiltonian from density functional calculation, and studying its local many-body states. Surpris-
ingly, distinct from the expected Ni2+ spin-triplet state found in most nickelates, the local ground state of two
holes is actually a Ni-O spin-singlet state with doped hole residing greatly in oxygen. The emerged eV-scale
model therefore resembles that of the cuprates, advocating further systematic experimental comparisons. Trac-
ing the microscopic origin of this unexpected result to the lack of apical oxygen in this material, we proposed
a route to increase superconducting temperature, and a possible new quantum phase transition absent in the
cuprates.
Despite intensive research efforts since its discovery three
decades ago in the cuprates [1], high-temperature supercon-
ductivity remains one of the most important puzzles in the
field of condensed matter physics [2]. For example, the be-
haviors of the superconducting gap [3, 4], dominant phase
fluctuation [5, 6], and properties under magnetic field [7–
9] all demonstrate novel characteristics qualitatively distinct
from the standard superconductors[10]. In fact, it is now well
documented [2, 11] that even above the superconducting tem-
perature, the “normal” state of the cuprates is also qualita-
tively different from the textbook Fermi liquid state. To give
a few examples, the occurrence of a pseudogap [4], linear
resistivity [2, 12], non-saturating high-temperature resistiv-
ity [13], sign-changing Hall coefficient [14], optical conduc-
tivity demonstrating continuum and mid-infrared peak [15],
nematic and inhomogeneous charge distribution [16, 17], to-
gether establish strongly that at sub-eV scale the cuprates are
in a new quantum state of matter still lacking, whose proper
description is still lacking.
The challenge to formulate a proper understanding of this
new state of the matter lies in the strong correlation between
the doped carriers in this system, whose complexity grows at
lower energy and becomes intractable below 100meV. Nev-
ertheless, rather reasonable understanding has been achieved
at the 1eV scale via extensive studies of the charge [18], an-
tiferromagnetic [19] and polaronic [20] correlations. Specif-
ically, it is well-established [21, 22] that the doped holes re-
side mainly in the oxygen atoms and strongly entangle with
spins of the intrinsic holes in copper atoms [23–25] within
1eV scale, and double occupation of the copper atoms can be
“integrated out” in the low-energy theory. These physical ef-
fects heavily dress the carriers in any low-energy theory below
this 1eV scale as in, for example, the t-J model [26].
To gain further control at the sub-eV scale for such
a complex problem of emergent physics, having multiple
similar families for comparison is obviously highly valu-
able. This makes the recent discovery of superconduct-
ing Nd0.8Sr0.2NiO2 nickelate with ∼15K transition tem-
perature [27] extremely exciting. Unlike the tetrahedral-
coordinated, multi-orbital Fe-based superconductors discov-
ered a decade ago [28], Nd0.8Sr0.2NiO2 has similar point-
group symmetry to the cuprates and the same valence electron
count (8 electrons per transition metal atom). One can thus
hope for valuable insights from thorough comparison with the
cuprates in all aspects of measured properties.
One immediate key issue is the location of the doped holes
in the superconducting Nd0.8Sr0.2NiO2 nickelate, or more pre-
cisely its dominant local many-body state at low energy. In
typical nickel oxides, one expects [29] that the large Hund’s
coupling would favor adding doped holes to the Ni+ ion
to form a Ni2+ spin-triplet states
∣∣∣dx2−y2↑d3z2−r2↑〉 of the
holes [30–34]. In that case, one should be able to “integrate
out” the oxygen degrees of freedom at sufficiently low en-
ergy. However, if the doped holes turn out to reside greatly
in the oxygen atoms instead, this would not be possible and
a qualitatively different low-energy physics (kinetics, interac-
tions, and correlations) would emerge involving a different set
of dominant many-body states [35, 36]. In fact, this is ex-
actly what happens in the cuprates, in which one integrates out
the double occupation of holes in Cu instead, and the doped
holes form a local Cu-O spin-singlet state
∣∣Cu↑O↓〉−∣∣Cu↓O↑〉
with the intrinsic hole in Cu2+ ion [23, 24]. Correspondingly,
the low-energy carriers are under a very strong on-site charge
and neighboring spin-correlation that dictate all the unconven-
tional behaviors of the cuprates [37].
From this perspective, it is essential to address the key ques-
tion concerning the location of doped holes in this material.
However, current experimental conclusions are quite confus-
ing. Recent X-ray absorption data [38] was interpreted as sup-
port for the Kondo-lattice model or Anderson-lattice model, in
which the itinerant Nd electrons are able to screen the Ni lo-
cal moments [31]. If this interpretation is correct, hole-doping
the system should go to the Nd atom and remove the electron
carriers. This should reduce their screening and lead to an
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2increasing average magnetic moment. This is, however, op-
posite to the recent magnetization measurement [39], which
shows a reducing average moment upon doping.
Therefore, it is of ultimate importance and timeliness at this
stage of the field to settle this key issue of location of doped
holes in this new family, both theoretically and experimen-
tally. Only then, would one be able to move on to the follow-
ing important questions concerning this new family: 1) What
are the dominant local many-body states? 2) What is the eV-
scale effective Hamiltonian? 3) What are the similarities and
differences to the cuprates? 4) Is there possible new physics
absent in the cuprates?
Here, we address all of these essential questions by exam-
ining the energies of the local many-body states of a realis-
tic high-energy interacting Hamiltonian, extracted from den-
sity functional calculation of NdNiO2 within the LDA+U ap-
proximation [40, 41]. Surprisingly, due to the strong kinetic
coupling between Ni and O, the doped holes are found to re-
side greatly in the oxygen and form a Ni-O spin-singlet state
with the intrinsic holes in Ni+ ion, similar to the case in the
cuprates. We then derive the effective eV-scale theory that
reveals its similarity and difference to the cuprates, advocat-
ing systematic studies contrasting with the cuprates in reveal-
ing essential factors of the outstanding puzzle of the high-
temperature superconductivity. Furthermore, we trace our
unexpected result that differs from the “usual suspect” Ni2+
triplet state in the typical nickelates, to the absence of apical
oxygen in this family. This therefore opens up the possibility
of a new quantum phase transition absent in the cuprates via
introduction of apical oxygen or uni-axial pressure.
Let’s first examine the relevance of electron carriers and
Nd orbitals in Nd0.8Sr0.2NiO2 based on our density func-
tional calculation within the LDA+U approximation [40–42].
Fig. 1(a)(b) show our resulting band structure of undoped
NdNiO2 parent compound with ferromagnetic (FM) order.
The single unoccupied red Ni band in panel (b) makes it clear
that Ni is indeed in Ni+ (d9) configuration containing an in-
trinsic hole in the spin-minority channel. Detailed analysis
further indicates that the intrinsic holes reside in the Ni-dx2−y2
orbital. In addition, in the FM cases, one observes a clear
electron pocket from a blue Nd band across the fermi energy
around A= (pi,pi,pi), accompanied by additional holes in a
Ni-O hybrid band. This “self-doping” effect has been reported
previously [43] and is considered an important aspect of the
electronic structure of this material [29, 31]. However, an un-
frustrated square lattice of spin-1/2 nickel should host an in-
trinsic strong anti-ferromagnetic (AFM) correlation, with or
without a long-range order, and thus this issue might be better
examined via an AFM order. For an easier comparison, panels
(c) and (d) show the AFM band structure unfolded [44] in the
one-Ni unit cell. With strong AFM correlation, the electron
pocket now shrinks to a negligibly small size, and nearly no
self-doped electrons reside in the Nd atoms. Therefore, upon
20% doping one really can consider confidently that the low-
energy physics is dominated by the hole carriers, and the role
of the Nd orbitals can be safely integrated out.
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FIG. 1. Spin majority [(a)(c)] and minority [(b)(d)] band structure of
undoped NdNiO2 under FM [(a)(b)] and AFM [(c)(d)] orders from
LDA+U calculations, presented (unfolded) in the one-Ni Brillouin
zone with relative weight of Ni, Nd, and O atoms shown in red,
blue, and green. Note that spin-majority aligned Nd- f orbitals are
made transparent to provide a clearer picture, which breaks weakly
the symmetry between panel (c) and (d). Detailed comparison near
the Fermi energy for AFM ordered undoped NdNiO2 (e) and 25%
doped Nd3SrNi4O8(f) shows that the doped holes reside mainly in
O-p// (green) and Ni-dx2−y2 (red) orbitals.
Now back to the main question, where would the doped
hole carriers reside? Figure 1(e) highlights the orbitals that
contribute to the LDA+U band structure near the Fermi en-
ergy. It suggests that the doped holes are likely to occupy the
(blue) spin-minority Ni-d3z2−r2 orbital and form a Ni2+ ion,
consistent with the intuition from the typical nickelates [45].
Surprisingly, the same analysis in a doped Nd3SrNi4O8 sys-
tem [c.f.Fig. 1(f)] shows instead that the doped holes actu-
ally reside in a hybrid of O-p// (green) and spin-majority
Ni-x2 − y2 (red) orbitals, a scenario more commonly seen
in doped charge-transfer insulators like the cuprates. Such
a dramatic contrast is obviously related to the strong local
Coulomb interaction that requires more accurate treatment
than LDA+U .
We thus proceed to construct [40, 42, 46–48] a realistic in-
teracting Hamiltonian, from which low-energy local many-
body states can be carefully examined. With a filling factor
of 1+x (one intrinsic hole plus x doped holes), the following
high-energy (∼10eV-scale) 4-orbital interacting Hamiltonian
of holes contains only the four most relevant low-energy de-
grees of freedom, x2− y2 and 3z2− r2 orbitals of Ni and two
p// orbitals pointing toward Ni from the two O sites next to Ni:
He f f = ∑
i,m,ν
εimnimν + ∑
i,i′,m,m′,ν
tii′mm′c
†
imνci′m′ν
+ ∑
< j,i>m
JmSFj ·Sim + ∑
i,d,d′,ν
Udd′nidνnid′−ν
+ ∑
i,d,d′ 6=d,ν
(Udd′ − Jdd′)nidνnid′ν ,
(1)
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FIG. 2. Comparison of the Hartree-Fock band structures of our four-
orbital model [(b)(d)] and those of LDA+U ones [(a)(c)] within the
same Ni dx2−y2 ,d3z2−r2 and O p// subspace, under FM [(a)(b)] and
AFM [(c)(d)] order. (e)(f) Illustration of outer-shell Wannier orbitals
for symmetric Ps(e) and anti-symmetric Pa(f) superposition of O p//
orbitals, colored according to the density gradient, from negative
(blue) to positive (red).
where c†imν and nimν ≡ c†imνcimν denote the standard creation
and number operator of holes of spin ν in orbital m of site i
that experience kinetic hopping tii′mm′ and orbital energy εim.
Only effective on-site repulsive interactions Udd′ and Hund’s
coupling Jdd′ among holes in the Ni-d orbitals are considered,
since the O-p orbitals are mostly unoccupied or singly occu-
pied by holes. For completeness, orbital dependent coupling
to the large 3/2 spin SF of nearest Nd- f orbitals at location j is
included as well, even though its effect is of no significance in
our analysis below. (Here Sim = ∑ν ,ν ′ c
†
imνσν ,ν ′cimν ′ denotes
the orbital-dependent spin operator and σν ,ν ′ is the vector of
Pauli matrices.)
Figure 2 demonstrates an excellent correspondence be-
tween the LDA+U band structure within the subspace of the
selected orbitals, and our model band structure under the same
Hartree-Fock treatment of local interactions. Notice espe-
cially that the agreement occurs under both FM and AFM or-
ders with the same set of parameters, despite the significant
difference in these two orders. These results thus establish the
high quality of these parameters and the validity of our model
Hamiltonian.
To further investigate the “local” many-body state, it is con-
venient to represent the four-orbital space by a new set of Ni-
centered orthonormal orbitals, such that the system is reduced
into a simple tetragonal lattice of only Ni sites [24]. This al-
lows a simple definition of “local many-body space” associ-
ated with these orbitals at the same Ni site: two “inner-shell”
orbitals Ni-dx2−y2 , Ni-d3z2−r2 , and two “outer-shell” orbitals
Pa and Ps as anti-symmetric and symmetric superposition of
O-p orbitals [49] shown in Fig. 2(e)&(f). (Technically, this
is achieved by exploiting the gauge freedom [50] of the O-p
Wannier orbitals [49].)
Table I gives our resulting local kinetic parameters for the
holes. As expected, the inner-shell dx2−y2 orbital has the low-
est energy, and thus naturally hosts one intrinsic hole. Natu-
TABLE I. Local on-site and kinetic energy in He f f for inner-shell
dx2−y2 , d3z2−r2 , and outer-shell Pa, Ps orbitals.
He f f (eV) dx2−y2 Pa d3z2−r2 Ps
dx2−y2 -4.09 -2.56 0 0
Pa -2.56 4.10 0 0
d3z2−r2 0 0 -3.51 0.69
Ps 0 0 0.69 6.19
rally, local symmetry of the orbital dictates that the dx2−y2 or-
bital couples strongly (∼2.56eV) to the Pa in the outer shell,
and d3z2−r2 much more weakly (∼0.69eV) to Ps. Notice that
the outer shell (O-p derived orbitals) is about 8eV above the
inner shell (Ni-d orbitals), which is of comparable size to Udd .
This explains the strong tendency toward charge transfer of
the doped holes: it costs similar energy to add a doped hole to
the inner shell orbitals or to the outer shell orbitals.
Now we can obtain a more accurate many-body picture via
exact diagonalization of the Eq. 1 within the above “local”
many-body space containing two holes. We find the local
ground state to be a Ni-O spin-singlet state
∣∣Ni↑O↓〉−∣∣Ni↓O↑〉
involving mostly one hole in dx2−y2 and another hole in Pa-
dx2−y2 hybrid, similar to the well-known Zhang-Rice singlet
in the cuprates [24]. It has slight lower energy than the next
competitive state, a Ni2+ spin-triplet state
∣∣∣dx2−y2↑d3z2−r2↑〉,
by ∼0.1eV. Upon inclusion of the remaining kinetic energy
across sites (∼1.2eV, to be discussed below), this energy dif-
ference can easily approach an eV (consistent with the recent
RIXS measurement [38]) given the much weaker kinetic en-
ergy (∼0.4eV) of the Ni2+ spin-triplet state.
This somewhat unexpected result actually explains qualita-
tively the recent observation of reduced magnetic moments
against doping [39]. Since the local magnetic moment of
a spin-singlet (spin-0) is smaller than the parent compound
(spin-1/2), hole doping should weaken the averaged magnetic
moment and the associated magnetization. The Ni2+ spin-
triplet (spin-1) state popularly believed to be the local ground
state, however, would enhance the magnetization and contra-
dict with recent observations [51]. We expect more experi-
mental observations on the magnetic and electronic properties
to further confirm our findings.
From a phenomenological consideration of high-
temperature superconductivity, our finding also makes
strong physical sense. To sustain thermal fluctuation at
temperature comparable to the cuprates, it is necessary to
have strong enough kinetic energy to establish correspond-
ingly large phase stiffness. The large in-plane spread of
the Ni-O singlet state produces the necessary large kinetic
energy (bandwidth ∼ 2.4eV [42]), comparable to that of
the cuprates. In contrast, Ni2+ triplet state hosts a much
smaller kinetic energy (∼ 0.7eV in our estimation [42]) along
the out-of-plane direction only. It is really hard to imagine
that such weak quasi-1D kinetics are able to resist phase
fluctuations at a temperature scale similar to the cuprates.
4TABLE II. Comparison of estimated model parameters of H1B for
Nd1−xSrxNiO2 and La2−xSrxCuO4 [52] in eV
.
t t ′ t ′′ J
Nd1−xSrxNiO2 0.31 -0.07 0.06 0.11
La2−xSrxCuO4 0.40 -0.07 0 0.13
With these analyses, we can finally proceed to make a
crude estimation of a low-energy (∼eV scale) effective one-
band Hamiltonian of holes within the many-body subspace in
which each site is either singly occupied |1i〉, or doubly occu-
pied |si〉 by holes in the Ni-O singlet state [26, 53, 54]. Given
the similarity to the cuprates in the transition metal lattice and
in the singlet formation of doped holes, it is not surprising to
find our resulting Hamiltonian for holes,
H1B =∑
ii′ν
tii′ c˜
†
iν c˜i′ν + ∑
<i, j>
JSi ·S j, (2)
resembles the well-studied t-J model of the cuprates if one
ignores the weak coupling to the Nd- f local spins. Here, c˜†iν
creates a dressed hole at site i of spin ν under the constraint
that each site must be at least singly occupied. Similarly, the
spin operator Si =∑ν ,ν ′ c˜
†
iνσν ,ν ′ c˜iν ′ is subject to the same con-
straint. Table II shows our estimation of the hopping param-
eters tii′ from 〈si1i′ |He f f |1isi′〉, and exchange parameter J via
4t4
∆2Udd
+ 8t
4
∆2(2∆+Upp)
using a charge transfer gap ∆≈ 5eV [55],
and an on-site repulsion within oxygen atoms Upp = 4eV [52].
Our analysis above provides some clear indication of how
this new high-temperature superconductor family compares
with the well-studied but still unsolved cuprates. At the
above-eV scale, the different chemical nature of Ni and
Cu atoms renders the new family quite different from the
cuprates. An essential aspect is the quantitatively weaker in-
volvement of oxygen orbitals in hosting the doped holes ow-
ing to Ni-d orbitals’ higher chemical energy. This would
surely be reflected in the spectral distribution of most experi-
mental spectroscopes at the 10eV scale.
Interestingly at sub-eV scale, owing to the strong Coulomb
interaction, Tab. II shows that other than a slightly smaller en-
ergy scale than the cuprates, the emergent low-energy Hamil-
tonian of the new nickelate family resembles the cuprates
extremely well. It is therefore not surprising that besides
the unconventional superconductivity, the new family also
demonstrate many unusual and puzzling low-energy behav-
iors [27] observed in the cuprates [13], for example, the lack
of saturation of high-temperature resistivity (so-called “bad
metal” behavior) and the linear temperature dependence of
low-temperature resistivity (so-called “strange metal” behav-
ior). As more experimental observations are conducted, we
expect more reports of resemblance in the low-energy elec-
tronic structure and physical behavior.
Our further analysis indicates that the lack of apical oxygen
above the Ni atoms in this structure has a positive influence on
the stability of the spin-singlet state. In the absence of the O
(outer-shell) orbitals, the ground state of our local exact diag-
onalization becomes the Ni2+ triplet state, as expected from
the Hund’s rule. Therefore, the stability of the Ni-O singlet
state benefits greatly from the virtual kinetic coupling between
the Ni-dx2−y2 orbitals and the O-Pa orbitals. In other words,
the lack of apical oxygen in this structure really helps push
the energy of the Ni2+ triplet state higher by 1) raising the
crystal-field energy of d3z2−r2 by ∼0.6eV (in hole picture, c.f.
Tab. I), and 2) losing the virtual kinetic energy involving oxy-
gen orbitals. It also removes the “super-repulsion” effects [44]
that might suppress superconductivity. One can thus expect a
higher superconducting transition temperature upon applica-
tion of a in-plane pressure.
On the other hand, owing to the relatively higher chemical
energy of d orbitals in Ni, our study suggests rich possibil-
ities of new physics absent in the cuprates. Specifically, we
anticipate a local many-body level crossing from the above
Ni-O singlet state to the Ni2+ triplet state, via introduction of
apical oxygen or c-axis pressure tuning of the structure. This
opens up an exciting possibility of quantum phase transition
from a cuprate-like system into a high-spin (likely magnetic)
system. Such an additional tunability implies a much richer
physics in the new nickelate family, careful investigations of
which might help clarify the essential underlying physics of
the normal and superconducting state of these unconventional
superconductors.
In conclusion, we investigate the timely issue regarding the
location (and corresponding local many-body state) of doped
holes in the newly discovered Nd0.8Sr0.2NiO2 nickelate un-
conventional superconductors that determines the appropriate
modeling of the eV- (and lower) scale physics. Our LDA+U
analysis of antiferromagnetic ordered systems suggests that
the well-advocated Nd orbitals can most likely be integrated
out in the 20% doped systems. We also find that the doped
holes reside mostly in the O and spin-majority Ni-dx2−y2 or-
bitals, as opposed to the expected spin-minority Ni-d3z2−r2 or-
bital commonly found in the nickelates. Employing a local
many-body calculation of two holes, we find that the doped
hole forms a local Ni-O singlet with the intrinsic hole, simi-
lar to that in the cuprates, while the previously expected Ni2+
triplet state is located almost an eV higher in energy. This puts
the new nickelate family in a similar category to the cuprates,
but nicely expands the parameter space. Our conclusion is
in good agreement with the magnetization measurement and
makes perfect sense to the cuprate-like transport properties
that demonstrates similarly strange metal and bad metal be-
haviors. Our analysis also suggests that the sensitivity to in-
fluences of apical oxygen allows for the tuning of supercon-
ducting temperature. It should also open up new exciting pos-
sibilities of quantum phase transition absent in the cuprates.
Altogether, with such a close contrast to the cuprates, studies
of the new nickelate family are expected to reveal essential
clues for the long-standing puzzle of unconventional super-
conductivity and non-Fermi liquid behavior of the cuprates,
two of the most important issues in modern condensed matter
physics.
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